Whole-cell patch clamp recordings were obtained from thalamic ventrobasal (VB) and reticular (RTN) neurons in mouse brain slices. A bicuculline-sensitive tonic current was observed in VB, but not in RTN, neurons; this current was increased by the GABA A receptor agonist THIP (0.1 µM) and decreased by Zn 2+ (50 µM), but was unaffected by zolpidem (0.3 µM) or midazolam (0.2 GM). The pharmacological profile of the tonic current is consistent with its generation by activation of GABA A receptors that do not contain the 1 or 2 subunits.
INTRODUCTION
The activation of GABA A receptors inhibits neurons in two ways -via a fast or transient inhibition following GABA binding to synaptically localized receptors and by a sustained inhibition due to GABA binding to extrasynaptic receptors (Brickley et al. 1996; Farrant and Nusser 2005; Kaneda et al. 1995; Mody 2001) . Extrasynaptic receptors are excellent sensors for extracellular GABA due to their high affinity for GABA and slow rates of desensitization (Bai et al. 2001; Brickley et al. 1999; Yeung et al. 2003) . The activation of these receptors regulates neuronal input resistance and, hence, excitability (Brickley et al. 2001; Semyanov et al. 2003) .
The subunit appears to be present in many extrasynaptic GABA A receptors. In cerebellar granule cells, these receptors likely contain 6 , , and subunits (Brickley et al. 2001; Nusser et al. 1998; Pirker et al. 2000) while granule cells in the dentate gyrus likely contain 4 , , and subunits (Nusser and Mody 2002; Sperk et al. 1997; Sun et al. 2004; Wei et al. 2003) .
Extrasynaptic GABA A receptors in CA1 pyramidal neurons in the hippocampus, however, likely contain 5 , 2/3 and 2 subunits (Caraiscos et al. 2004 ).
Several GABA A receptor subunits are expressed in the thalamus. 1 , 4 , 2 , 2 and subunits are found in thalamocortical neurons in the ventrobasal (VB) complex whereas 3 , 3 , and 2 subunits are heavily expressed in the GABAergic neurons of the reticular nucleus (RTN; (Fritschy and Möhler 1995; Pirker et al. 2000) . In particular, the thalamus shows a high level of expression of the subunit, suggesting that extrasynaptic GABA A receptors might be found in this region. Whole-cell patch clamp recordings were obtained from thalamic neurons in acutely prepared mouse brain slices. A bicuculline-sensitive tonic current was recorded in neurons in the VB, but not in the RTN. We have characterized the pharmacology of the tonic current and compared this with the profile of a variety of recombinant GABA A receptors expressed in HEK 3 293 cells, including the subtypes likely to be present in the thalamus. We also studied the nature of these receptors using Western blotting, immunohistochemistry, and co-immunoprecipitation and investigated their localization using confocal microscopy. Our results suggest that the tonic current in VB neurons is generated by GABA A receptors containing 4 , , and subunits, and that these are found primarily at extrasynaptic locations.
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METHODS
Brain slice preparation
Brain slices were acutely prepared as described (Ying and Goldstein 2005 ) from P12-20 C57Bl/6 mice (Charles River, Wilmington, MA) in accordance with institutional and federal guidelines. Briefly, mice were anesthetized with halothane and decapitated, and their brain were submerged in ice-cold carbogenated (95% O 2 / 5% CO 2 ) slicing solution. The slicing solution contained (in mM): 217 sucrose, 2.5 KCl, 10 MgCl 2 , 0.5 CaCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 11 glucose. Thick horizontal slices (300 -400 µm) containing the thalamus were obtained using a vibrating microslicer (DTK, Kyoto, Japan). Slices were incubated in carbogenated artificial cerebrospinal fluid (aCSF) at 35 o C for 30 -60 min prior to use, and then maintained at room temperature (20 -22°C). aCSF contained (in mM): 124 NaCl, 2.5 KCl, 2 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , 1.25 NaH 2 PO 4 , and 10 glucose.
Electrophysiological recordings in slices
Once transferred to the recording chamber, a brain slice was held in place by nylon threads attached to a platinum frame and continuously superfused with carbogenated aCSF. ; pH was 7.25 and osmolarity was adjusted to 280 -290 mOsm with sucrose.
During recordings, GABA A receptor-mediated spontaneous inhibitory postsynaptic currents (sIPSCs) were pharmacologically isolated by bath application of the ionotropic glutamate receptor blocker, kynurenic acid (3 -5 mM). Access resistance was monitored using a 5 mV test pulse throughout the recording period; cells were included for analysis only if the series resistance was less than 25 M and the change of resistance was less than 25% over the course of the experiment. Data were acquired at 5 -10 kHz using pClamp 8 (Axon) and filtered at 2 kHz. Drugs were dissolved in aCSF solution and applied by bath superfusion. All compounds were obtained from Sigma (St. Louis, MO).
Data analysis
Off-line analysis was performed using MiniAnalysis 5.5 (Synaptosoft, Decatur, GA), SigmaPlot 6.0 (SPSS, Chicago, IL) and Excel 2000 (Microsoft, Redmond, WA). The holding current shift was measured as the difference in the holding current before and during drug application. All-point histograms were generated from 60-second segments before and during drug application and fitted by single Gaussian distribution (Nusser and Mody 2002; Yeung et al. 2003) . The sIPSCs were detected and analyzed using MiniAnalysis as previously described (Goldstein et al. 2002) . Unless otherwise indicated, averaged data are expressed as mean ± SEM. Statistical significance was assessed using Student's t test and P < 0.05 was considered statistically significant.
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Immunoblotting and co-immunoprecipitation
Mouse thalami from adult C57Bl/6 mice were dissected and homogenized in a Teflon ® -glass homogenizer with 4 vol/wt ice-cold buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA) and a protease inhibitor cocktail that contained: 20 µM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), 10 µM EDTA, 1.3 µM bestatin, 0.14 µM E-64, 10 µM leupeptin, and 3 µM aprotinin (reagents from Sigma). The crude homogenate was centrifuged at 2,900 × g for 20 min at 4 °C to separate the nuclei, and the supernatant containing the membrane and cytosolic fractions was centrifuged again at 29,000 × g for 1 hr. The pellet containing membranes was re-suspended in complete buffer (buffer with 1% vol/vol ethylphenyl-polyethylene glycol [Nonidet ® P40] and 0.25% wt/vol sodium deoxycholate) with the protease inhibitor cocktail. Protein concentration was determined with the Bradford reagent (Sigma) using bovine serum albumin as the standard. Protein samples were subjected to denaturing SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. The membranes were blocked for 1 hr at room temperature with blocking buffer (5% wt/vol nonfat dry milk in Tris-buffered saline/Tween-20 [TBS/T; 20 mM Tris, 17 mM 7 Total homogenates of thalamic protein were used to determine the relative abundance of the different GABA A receptor subunits. The antibodies used to detect the subunits were: rabbit polyclonal anti-1 subunit (0.5 µg/ml; Novus Biologicals), rabbit polyclonal anti-2 subunit (1 µg/ml; Alpha Diagnostics International, San Antonio TX), rabbit polyclonal anti-3 subunit (4 µg/ml; Alpha Diagnostics), rabbit polyclonal anti-4 subunit (10 µg/ml; Novus Biologicals), rabbit polyclonal anti-5 subunit (2.5 µg/ml; Novus Biologicals) and the translation initiation factor eIF4E (0.3 µg/ml; Cell Signaling Technology, Beverly, MA) as internal standard.
Scanned images of the chemiluminescence-exposed films were quantified with the program Scion Image for Windows beta 4.0.2 (Scion Corp, Frederick, MD). Gel lanes were selected and signals transformed into peaks. The area under each peak (gray value) was transformed into an optical density (OD) value using the function: OD = Log 10 (255 / (255 -gray value)). The OD values of the subunit proteins were normalized to the eIF4E internal standard to compensate for loading and transference variations.
Co-immunoprecipitation experiments were carried out using the ProFound mammalian co-immunoprecipitation kit from Pierce (Rockford, IL). Fifty micrograms of affinity purified rabbit polyclonal antibodies, raised against GABA A receptor 2 or subunits (Alpha Diagnostics), were coupled to AminoLink ® Plus gel as specified by the manufacturer. Thalami were re-suspended in M-PER mammalian protein extraction reagent with protease inhibitors at ~0.12 mg tissue/µl and homogenates were centrifuged at 27,000 × g for 15 min to remove cellular debris. Supernatants were incubated with the antibody-coupled gel overnight at 4 ºC with gentle rocking. Gels were washed four times with buffer and complexes recovered with 130 µl of the elution buffer provided with the kit. Controls were performed by quenching the gel before coupling antibodies and by using a control gel provided with the kit to test for proteins 8 that may bind non-specifically to the gel. Approximately 40 µl of the eluates were analyzed by immunoblotting as described above with affinity purified rabbit polyclonal anti-GABA A receptor 1 , 4 or 5 subunit antibodies.
To determine the specificity of antibody, immunoabsorption was performed by incubating the antibody overnight at 4 °C with a 10-fold mass excess (20 µg/ml) of or unrelated control peptide in TBS. The specificity of the 4 antibody has been previously described (Bencsits et al. 1999) .
Immunohistochemistry
Young adult mice were euthanized with an overdose of halothane and then perfused with and an X-Y motorized stage for stitching images (in 2D) of large objects. To prevent bleed through of signals to neighboring detecting channels, especially when investigating the colocalization of the GABA A receptor subunits, images were acquired using the multi-track configuration of the microscope detection system. Antibodies used for immunohistochemistry were: affinity purified rabbit polyclonal anti-GABA A receptor 4 subunit antibody (10 µg/ml, Novus Biologicals) and affinity purified rabbit polyclonal anti-GABA A receptor subunit antibody (10 µg/ml; Alpha Diagnostics). In the co-localization experiments, no secondary antibodies were used; instead, the anti-4 antibody was labeled with fluorescein-EX dye and the anti-antibody with Texas red-X using Molecular Probes labeling kits.
Immunocytochemistry and electrophysiology using primary cultures of thalamic neurons
To investigate 4 and subunit localization to synaptic and/or extrasynaptic sites, primary cultures of thalamic neurons were established. Dissection of thalami from E18 mouse pups obtained from time-mated females was performed according to published prenatal anatomical landmarks (Schambra et al. 1992) . Cultures were established and maintained following the technique used for low-density hippocampal neurons (Goslin et al. 1998 ). Cells were maintained in culture and used for immunocytochemistry or electrophysiological experiments no earlier than 11 days after plating. 
Immunostaining to detect surface GABA
Recordings from HEK 293 cells expressing recombinant GABA A receptors
The cDNAs encoding the Y 1 , Y 4 , Z 2 , 2s , and [ subunits were sub-cloned into the 13
RESULTS
In recordings from chloride-loaded VB neurons under voltage-clamp at -70mV, we observed spontaneous inhibitory postsynaptic currents (sIPSCs) (Fig. 1A , left panel). These sIPSCs were abolished by bicuculline (20 µM), which also produced a shift in the holding current of ~ +20 pA, consistent with the block of a tonic GABA A receptor-mediated inward current. This is conveniently illustrated by the all-points histogram, which shows that bicuculline produced a shift in mean current from 0 to 25.0 ± 3.0 pA in the example illustrated
Voltage clamp recordings from RTN neurons also revealed the presence of bicucullinesensitive sIPSCs ( Fig. 1B and 1C ). In contrast to its effect on VB neurons, bicuculline did not change the holding current in RTN neurons ( Fig. 1B and C) . The all-points histogram from the recording of a typical RTN neuron shows that the mean current was unchanged in the presence of bicuculline ( Figure 1B right panel) . Analysis of the spontaneous events showed that the sIPSCs recorded from RTN neurons were less frequent, of smaller amplitude, and decayed more slowly than those seen in VB neurons (Fig. 1C) . The characteristics of the sIPSCs are provided in Table 1 , and are similar to previous reports (Huntsman and Huguenard 2000; Zhang et al. 1997) .
Pharmacological characterization of the tonic current in VB neurons
In order to investigate the subtype/s of the GABA A receptor contributing to the tonic current, we characterized the pharmacology of the tonic current recorded in VB neurons. The agonist THIP (0.1 µM), a structural analog of muscimol, induced an inward current in VB 14 neurons that was typically around -50 pA in amplitude ( Fig. 2A) , whereas this concentration of THIP elicited 2 -3 pA or less of inward current in RTN neurons (data not shown).
Micromolar concentrations of Zn
2+
have little effect on 1 2/3 2 GABA A receptors, but inhibit current in receptors containing subunits (Saxena and Macdonald 1994, 1996) . Addition of 50 µM Zn 2+ decreased the tonic current by +5 to +10 pA in VB neurons (Fig. 2B) . Unlike classic benzodiazepines, the imidazobenzodiazepine inverse agonist Ro 15-4513 potentiates GABA-evoked currents in cells expressing 4 2/3 2 receptors (Brown et al. 2002; Knoflach et al. 1996) but not 4 2 receptors (Brown et al. 2002) . We found that 3 µM Ro15-4513 had no effect on the holding current in VB neurons (Fig. 2C ).
The 1 subunit is highly expressed in VB neurons (Fritschy and Möhler 1995; Pirker et al. 2000) , where it undoubtedly contributes to synaptically-activated GABA A receptors (Huntsman and Huguenard 2000; Zhang et al. 1997 ). We tested whether 1 2/3 2 subunitcontaining receptors also contribute to the tonic current using the 1 subunit-selective imidazopyridine, zolpidem (Goldstein et al. 2002; Pritchett and Seeburg 1990; Vicini et al. 2001; Wafford et al. 1993) . Zolpidem (0.3 GM) had no effect on the holding current in VB neurons (Fig. 2D) , although it clearly prolonged the decay time of sIPSCs at this concentration (Table 1) .
Similarly, the non-selective benzodiazepine midazolam (0.2 µM) had no effect on the holding current in VB neurons, although it did prolong the decay time of sIPSCs (Table 1) .
Localization of 4 and subunits in thalamic neurons
These electrophysiological data strongly suggested that the tonic current in VB neurons was not mediated by GABA A receptors consisting of the typical 'synaptic' receptor subunit combinations, for example 1 2/3 2 . Several combinations of subunits have been implicated in 15 extrasynaptic GABA A receptor function, notably the 4 , 5 , 6 , and subunits (Farrant and Nusser 2005) . Of these, the 6 subunit is expressed only in the cerebellum (Jones et al. 1997; Pirker et al. 2000) . We first examined the expression of the 4 and subunits in homogenates of mouse thalamus by immunoblotting. Using specific antibodies directed against 4 and subunits, we observed immunoreactive bands with apparent mass of ~60 -65 kDa in both total homogenates and membrane fraction obtained from the thalamus (Fig. 3A) . We also determined the relative expression of a variety of other subunits in total homogenates of the mouse thalamus. Our results confirmed that 1 and 4 are the most abundant subunits in the thalamus, as determined by semi-quantitative immunoblot analysis ( Fig. 3B -C) .
Immunohistochemistry on mouse brain sections demonstrated that 4 and subunits were both present in VB (Fig. 4A -C) . High magnification images demonstrated that 4 punctate staining overlapped with staining at the cellular level ( Fig. 4A -C, insets) . Co-localization of 4 -immunostaining as demonstrated, however, is not proof of physical interaction between the two proteins. To determine if 4 and subunits interact in vivo, co-immunoprecipitation experiments were performed. Thalamic homogenates were immunoprecipitated with antiantibody and the precipitate was immunoblotted using anti-4 antibody. As seen in Fig. 3D , the immunoprecipitate contained an 4 -immunoreactive band similar to that observed in the thalamic homogenates. We also investigated the proportion of protein complexes formed between subunit and other subunits, and found that neither 1 nor 5 immunoreactive protein coimmunoprecipitated with the subunit (Fig. 3E -F) . We did observe, however, some 4 subunit protein in association with 2 (Fig. 3G) . Those data strongly suggest that GABA A receptors containing 4 in the thalamus are likely to include 4 × and 4 × 2 complexes.
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To establish the specificity of the immunoblots, the antibody was pre-absorbed with a 10-fold mass excess of control peptide. The peptide completely blocked the immunostaining of the 65 kDa band in the thalamic membrane fraction (Fig. 3H) . In contrast, pre-incubation of antibody with an unrelated peptide did not affect the staining of the -reactive band (Fig. 3H ).
The specificity of the 4 antibody used in this work has been documented previously (Bencsits et al. 1999 ).
In order to determine the sub-cellular localization of the 4 --containing GABA A receptors, immunocytochemistry was performed on primary cultures of thalamic neurons. As shown in Fig. 4D -G, the punctate pattern of 4 immunoreactivity co-localizes extensively with that for the subunit. The extent of co-localization was carefully analyzed, and was ~70% for 4 and subunits (Table 2) . We also studied the distribution of the synaptic protein synaptophysin in the same neurons. Visual inspection of the confocal images suggested that the 4 -immunoreactive puncta did not co-localize with presynaptic elements, consistent with the idea that 4 -subunits are co-localized primarily at extrasynaptic sites. The extent of colocalization with synaptophysin was then rigorously quantified (Table 2) , and was on the order of 10% for subunits, confirming the idea that subunits are located largely at non-synaptic sites. This was significantly higher (~22%) for 4 subunits. Consistent with these data, we recorded a bicuculline-sensitive tonic current in these cultured mouse thalamic neurons (Fig. 4H -I).
Pharmacological analysis of 4 2 , 1 2 , 4 2 2s and 1 2 2s + , , receptors in HEK 293 cells
We next evaluated the sensitivity to GABA and THIP of a variety of recombinant receptor subtypes expressed in HEK 293 cells (Fig. 5) . As reported previously, (Brown et al. 17 2002) , THIP was clearly a partial agonist at 1 2 2s receptors, but was more efficacious than GABA at 4 2 receptors ( Fig. 5A and D) . The receptors containing 1 2 subunits were less sensitive to THIP and GABA than those containing 4 2 (Fig. 5A, C, and D) . The threshold concentration of THIP for the activation of the 4 2 receptors was 300 nM, whereas micromolar concentrations were required for THIP activation of 1 2 , 4 2 2s , and 1 2 2s receptors (Table 3 ; Fig. 5E ).
DISCUSSION
Subunit composition of GABA A receptors responsible for the tonic current in VB neurons
Bicuculline-sensitive tonic currents were recorded in VB neurons in acutely prepared mouse brain slices (Fig. 1) Knoflach et al. 1996) , had no effect on the tonic current in VB neurons ( Fig. 2C and Table1).
The GABA analog, THIP, which is a potent activator of 4 -subunit-containing receptors (Brown et al. 2002) , elicited a sustained inward current in VB neurons at 0.1 GM ( Fig. 2A ), but not in RTN neurons (data not shown). The combined results indicate that functional extrasynaptic receptors in VB might contain 4 and subunits, as previously suggested for dentate granule neurons (Nusser and Mody 2002; Peng et al. 2002; Stell et al. 2003) .
In fibroblasts transfected with various combinations of , , and subunits (Saxena and Macdonald 1994, 1996) , micromolar concentrations of Zn 2+ strongly inhibited GABA-evoked currents in 1 1 and 6 3 receptors but had little effect in 1 x 2L receptors (Saxena and Macdonald 1994, 1996) . In VB neurons, 50 µM Zn 2+ decreased the tonic current and shifted the all-points histogram to the right (Fig. 2B) , consistent with inhibition of a benzodiazepine-19 insensitive -subunit containing receptor (Saxena and Macdonald 1996) . The response to Zn 2+ observed in VB neurons is, therefore, further evidence that the GABA A receptors generating the tonic current in VB neurons are unlikely to consist of combinations of 1 and 2 subunits.
Receptors containing the 4 subunit also show a high degree of sensitivity to Zn 2+ (Brown et al. 2002) , but this is independent of whether or 2 subunits are present. GABA A receptors containing both 4 and 2 subunits are potentiated by Ro 15-4513 (Brown et al. 2002; Knoflach et al. 1996) . This was not observed in VB neurons, indicating that the extrasynaptic GABA A receptors are unlikely to contain combinations of 4 and 2 subunits.
The electrophysiological data from our brain slice recordings in VB neurons appeared to eliminate many potential GABA A receptor subtypes as generators of the tonic current. Our recordings from a variety of recombinant receptor subtypes expressed in HEK 293 cells confirmed the higher efficacy of THIP, relative to GABA, in 1 2 and 4 2 GABA A receptors (Fig. 5C ) and the higher potency of GABA in these receptors relative to 1 2 2 (Fig. 5A ). Of special interest to us was the fact that 4 2 receptors responded to very low concentrations of THIP (300 nM; Fig 5D) with small but highly reproducible currents that were ~3% of the maximal current amplitude. In contrast, those low concentrations of THIP produced no significant current in 1 2 , 4 2 2s , or 1 2 2s GABA A receptors. It is worth noting, however, that normalizing the THIP-evoked current (I THIP ) against the maximum GABA-evoked current (I GABA-MAX ) in Fig. 3C may overestimate the efficacy of THIP as the efficacy of GABA is not constant across the subunit combinations.
Of the GABA A receptor subunits, 1 and 4 are the most heavily expressed in the thalamic nuclei that comprise the VB since 6 is restricted to the cerebellum, 5 is only weakly 20 detected in VB ( Fig. 3B and C) , and 2 and 3 are apparently undetectable (Jones et al. 1997; Pirker et al. 2000) . Immunoprecipitation data indicates that 4 -subunit containing receptors represent 20 -30% of the total GABA A receptor population in the thalamus (Khan et al. 1996; Sur et al. 1999) . Of the 4 -subunit containing population, 60 -70% of the 4 subunit coprecipitates with the subunit, while essentially all of the subunit is thought to be associated with 4 -containing receptors (Sur et al. 1999) . GABA A receptors containing the subunit are thought to be exclusively extrasynaptic (Brickley et al. 2001; Nusser and Mody 2002; Nusser et al. 1998; Sassoè-Pognetto et al. 2000) and contribute to a tonic GABA-mediated conductance in granule neurons of the cerebellum and dentate gyrus (Brickley et al. 2001; Nusser and Mody 2002) . The presence of a tonic current in VB neurons is, therefore, consistent with the expression of subunit-containing receptors.
We examined whether the 4 and subunits, in fact, co-localized to extrasynaptic sites on the cell membrane using immunohistochemistry. The 4 and subunits were clearly detected in the membrane fraction of thalamic homogenates (Fig. 3A) and, in agreement with previous observations (Sur et al. 1999) , were found to co-immunoprecipitate from these homogenates (Fig. 3E) . The failure to observe either 1 -or 5 -complexes using co-immunoprecipitation from these homogenates suggests that neither 1 × nor 5 × receptors are found in the thalamus.
Immunofluorescent labeling of cultured thalamic neurons with antibodies directed against the 4 and subunits demonstrated that the subunits were co-localized ( Fig. 4A -G) and also
showed that the punctate pattern of fluorescence did not overlap with that of the synaptic marker, synaptophysin (Tixier-Vidal et al. 1988; Wiedenmann and Franke 1985) . These data confirm 21 that 4 and subunits are found in the same receptor complexes and that they are present at predominantly extrasynaptic sites.
The identity of the subunit in the extrasynaptic GABA A receptors is unknown, although one can make some intelligent inferences. VB neurons do not appear to express the 3 subunit (Pirker et al. 2000) , but it is found in neurons of the RTN. The genetic deletion of the 3 subunit had no significant effect on sIPSCs recorded in VB neurons (Huntsman et al. 1999) . In rats older than P12, no mRNA coding for the 1 subunit could be detected in the region of the VB (Laurie et al. 1992; Wisden et al. 1992) , and this is consistent with the minimal detection of 1 subunit protein in that region (Pirker et al. 2000) . In contrast, 2 mRNA is strongly detected in this region beginning at age P12 (Laurie et al. 1992; Wisden et al. 1992 ) which correlates with the dense expression of 2 protein in adult animals (Pirker et al. 2000) . It is likely, therefore, that the 2 subunit is present in both the extrasynaptic and synaptic receptors expressed by VB neurons.
Our data would appear consistent with the proposition that extrasynaptic receptors in VB neurons have an 4 2 configuration.
Physiological Significance of Extrasynaptic GABA A Receptors in VB Neurons
The driving force for chloride ions is an important factor that regulates the net effect/s of GABA A receptor activation. Perforated patch-clamp recordings have shown that GABA currents reverse at a more negative membrane potential in VB (-81 mV) than in RTN neurons (-71 mV) (Ulrich and Huguenard 1997), consistent with a difference in the chloride equilibrium potential (E Cl ) between these two regions. The difference in E Cl likely reflects the differential distribution of the KCl co-transporter, KCC2, which is found in thalamic VB relay neurons but not in RTN 22 neurons (Bartho et al. 2004) . Given that the resting potential of thalamic relay neurons, at approximately -70 mV, is more positive than the GABA reversal potential, the tonic activation of extrasynaptic GABA A receptors would be expected to hyperpolarize the membrane potential and to produce shunting inhibition, thereby altering the input-output relationship in neurons (Brickley et al. 2001; Mitchell and Silver 2003) . Alterations in the amount of tonic inhibition may be associated with significant behavioral consequences. For example, in GABA transporter subtype 1 (GAT-1) knockout mice, there is an increase in the amplitude of the GABA-induced tonic conductance in granule and Purkinje cells in the cerebellum, and the transporter deficiency is associated with tremor, ataxia, and nervousness in these animals (Chiu et al. 2005) .
Therapeutic implications
Recurrent interactions between thalamic relay neurons and reticular nucleus interneurons 1997; Faulkner et al. 1998; Whittington et al. 1996) and in vivo (Munglani et al. 1993) . It has been argued that anesthetic disruption of such fast oscillatory activity within thalamocorticothalalmic circuits is the basis for anesthetic-induced unconsciousness (Alkire et al. 2000; John and Prichep 2005) . Modeling of neuronal networks has shown that fast oscillations can be desynchronized by an increase in the tonic GABA A 23 receptor conductance (Maex and Schutter 1998) . Indeed, several general anesthetics are known to increase a tonic current in CA1 hippocampal neurons (Bai et al. 2001; Bieda and MacIver 2004; Yeung et al. 2003) , while ethanol enhances the GABA A receptor-mediated tonic current in dentate (Wei et al. 2004 ) and cerebellar granule cells (Hanchar et al. 2005 ). It will be of interest, therefore, to investigate further the sensitivity of the tonic current in VB neurons to both anesthetics and alcohol.
The GABA agonist, THIP, was first synthesized in 1977. THIP was designed to be a lipid-soluble GABA agonist that would cross the blood-brain barrier and, hence, be orally active (Krogsgaard-Larsen et al. 1977 ). THIP has been described as a "super" agonist at GABA A receptors containing the 4 and subunits because it has a higher efficacy at these receptors than GABA whereas it acts as a partial agonist at conventional GABA A receptors containing 1 2 2 subunits (Brown et al. 2002; Ebert et al. 1997; Ebert et al. 1994) . Behaviorally, THIP ("gaboxadol") increases non-REM sleep in rats (Lancel 1997; Lancel and Faulhaber 1996; Lancel and Langebartels 2000) and humans (Faulhaber et al. 1997; Lancel et al. 2001; Mathias et al. 2001) , and a low incidence of reported side-effects suggests that the drug may be superior to currently available agents (Iversen 2004; Krogsgaard-Larsen et al. 2004 ).
We have shown that THIP significantly increases the amplitude of the tonic current in thalamic VB neurons, presumably by mimicking the actions of endogenous GABA. These data hint at the important role of tonic inhibition in the regulation of sleep and provide an anatomical locus for the hypnotic action of the drug gaboxadol. Further progress in our understanding of the identity of the GABA A receptors responsible for mediating the tonic conductance in different brain regions should facilitate the development of subtype-selective therapeutic agents that can produce hypnosis, while minimizing undesirable side effects (respiratory depression, ataxia) that may occur due to non-selective interactions with GABA A receptors (Krogsgaard-Larsen et al.
2004; Lambert and Belelli 2002).
Summary and conclusions
We observed a bicuculline-sensitive current in VB, but not RTN, neurons in the thalamus of the mouse. This tonic GABA A receptor-mediated current in VB neurons was increased by THIP, decreased by Zn C: Relative abundance of subunits in the mouse thalamus. The optical density of bands on the exposed films were normalized to the eIF4E standard and expressed as a ratio, in arbitrary units.
D -F:
Interaction of 1 , 4 or 5 with proteins in vivo. Homogenates of mouse thalamus were immunoprecipitated using an antibody to the subunit and the precipitate was immunoblotted with different anti-subunit antibodies. In all cases, no bands were observed when the agarose beads were quenched (Q) before coupling the antibody or when control beads (C) were used.
G:
Interaction of 4 and 2 proteins in vivo. Homogenates of mouse thalamus were immunoprecipitated with an antibody raised against the 2 subunit and the precipitate was then immunoblotted using the anti-4 antibody.
H: Pre-absorption of the antibody using a control peptide (cp) completely eliminated the immunoreactive protein in the blot from the membrane fraction, whereas pre-absorption with an unrelated peptide (unrel pep) had no effect on the density of the immunoreactive band. 
H:
Currents recorded from a cultured thalamic neuron before and during the application of bicuculline (BIC). As shown for the VB neuron in Fig. 1A , bicuculline abolished the spontaneous IPSCs (sIPSCs) and induced a positive shift in the holding current.
I:
The corresponding all-points histograms for 60-second data epochs. Bicuculline produced a shift in the mean current amplitude of 30 ± 3 pA. 
E:
The foot of the concentration-response curves for THIP, illustrating the threshold concentrations of THIP that elicit current for each receptor subtype. 79.5 ± 6.9 69.4 ± 6.9
co-localization % of: synaptophysin with: synaptophysin 10.7 ± 2.8 
